Eosinophilic meningoencephalitis associated with rat lungworm (Angiostrongylus cantonensis) migration in two nine-banded armadillos (Dasypus novemcinctus) and an opossum (Didelphis virginiana) in the southeastern United States 
Introduction
Angiostrongylus cantonensis is a pulmonary nematode that was originally described in the Norway rat (Rattus norvegicus) and is an important zoonotic pathogen globally. The parasite is endemic in Asia, where it was first documented as a human pathogen in China in 1945 (Barratt et al., 2016) . As of 2008, it was responsible for thousands of human cases of eosinophilic meningitis across 30 countries, with severe outbreaks reported in China, Taiwan, and Thailand (Wang et al., 2012) . Angiostrongylus spp. are now recognized as the leading cause of eosinophilic meningitis in humans worldwide (Wang et al., 2008; Eamsobhana, 2014) . This parasite is an important pathogen of domestic dogs and certain wildlife species and these hosts have been proposed as important biosentinels for angiostrongyliasis for humans (Lunn, 2007; Lv et al., 2008; Ma et al., 2013; Barratt et al., 2016) .
In the definitive hosts (Norway rat or other rodents), L3 larvae develop for approximately two weeks in the central nervous system, after which they move to pulmonary arteries to mature and mate. In non-rodent hosts, the development of A. cantonensis to 4th and 5th larval stages in neural tissue can lead to neurologic signs, such as circling, ataxia, stupor, and paresis/paralysis of limbs. The parasite typically induces a granulomatous or eosinophilic histopathological response (Gardiner et al., 1990; Spratt, 2015) . Neurological damage is due to both physical damage from the larvae and the host's immune reaction to the larvae, which is more intense to dead larvae than live larvae (Lunn, 2007; Cowie, 2013) .
Angiostrongylus cantonensis was first reported in the United States in 1987 (Campbell and Little, 1988) . Introduction of the nematode to North America is suspected to have been from infected rats aboard ships that docked in New Orleans (Campbell and Little, 1988) . Since its introduction in the United States, A. cantonensis has been increasingly reported in humans and incidental mammalian hosts in Louisiana and the surrounding states. Early reports of infections in mammalian incidental hosts include a horse in Picayune, Mississippi, a captive howler monkey (Hylobates lar) in New Orleans, Louisiana, a wild wood rat (Neotoma floridanus) and four wild opossums (Didelphis virginiana) in New Orleans, Louisiana, a captive white-handed gibbon (Hylobates lar) in Miami, Florida, and a captive lemur (Varencia variegata rubra) in New Iberia, Louisiana (Gardiner et al., 1990; Costa et al., 2000; Kim et al., 2002; Duffy et al., 2004) . Angiostrongylus cantonensis is believed to now be endemic in wildlife within the southeastern United States due to the presence of numerous gastropod species suspected to serve as intermediate hosts and a variety of rodent species that could potentially serve as definitive hosts (Kliks and Palumbo, 1992; Teem et al., 2013; York et al., 2015) . Increased frequency of diagnosis and the expanding geographic distribution has been attributed to the spread of intermediate host gastropods, definitive rodent host species, and flexibility for potential host species of the lungworm (York et al., 2015) . The presence of A. cantonensis in Oklahoma in a novel rat host (Sigmodon hispidus) indicates northern geographical expansion of the nematode (York et al., 2015) . Cerebral A. cantonensis was confirmed in an African pygmy falcon (Polihierax semitorquatus) in California, although the source of infection was suspected to be from feeder geckos imported from Southeast Asia rather than due to ingestion of autochthonously infected gastropods (Burns et al., 2014) .
Although there have been sporadic published reports, we have not previously diagnosed any cases in wildlife species at the Southeastern Cooperative Wildlife Disease Study despite encountering a caseload of regular submissions of neurological animals. Here we provide details, including molecular characterization, on three cases of A. cantonensis we diagnosed in the past two years, including recognition of a novel host.
Methods
The cases reported consist of wildlife carcasses and tissues that were submitted to the Southeastern Cooperative Wildlife Disease Study in Athens, GA for diagnostic evaluation (Table 1) . Two carcasses were frozen prior to submission; tissues from the third case were received fresh. Standard procedures were followed for the gross examination of all organs, preservation for histopathologic examination, and ancillary testing appropriate for clinical history and postmortem findings. Specimens from major organs were collected, fixed in 10% neutral buffered formalin, routinely processed and embedded in paraffin wax, sectioned at 5 mm, and stained with hematoxylin and eosin. At the time of necropsy, small samples of brain, lung, liver, spleen, kidney, and small intestine were collected and frozen at À20 C.
In armadillo A and opossum A, sections of fresh cerebrum were squashed between two glass plates and viewed with a transillumination light source ("squash prep" method) to identify nematodes present in the brain matter. Nematodes were extracted from the brain and viewed under dissecting and compound microscopes for morphological identification ( Fig. 1a; Fig. 1b) . DNA was extracted from the nematodes using a commercial DNA extraction kit (DNeasy, Qiagen, Valencia, California). The cytochrome-c oxidase I (COI) gene was amplified via polymerase chain reaction (PCR) using a cocktail of six M13-labeled primers for nematodes (Prosser et al., 2013) . Amplicons were gel-purified using a gel-purification kit (Qiagen) and bi-directionally sequenced at the University of Georgia Genomics Facility (Athens, Georgia). Chromatograms were analyzed using Geneious R7 (Auckland, New Zealand) and the consensus sequence was compared to other sequences in the GenBank database. In the case of armadillo B, the "squash prep" method was attempted on lung and liver due to limited availability of brain tissue. No nematodes were detected. The PCR protocol described above was used to evaluate frozen brain tissue from Armadillo B.
Additional routine testing was conducted on these animals per protocols for neurological mammals (Table 1 ). Brain tissue was tested for rabies virus using a florescent antibody test (submitted to Athens Veterinary Diagnostic Laboratory) and Toxoplasma gondii and other apicomplexan parasites by PCR using primers Tg18s58F and Tg18s348R as described (Su et al., 2010) . Amplicons were gel purified (Qiagen) and submitted to Georgia Genomics Facility (Athens, GA) for bi-directional sequencing. In addition, routine virus isolation for arboviruses was conducted in vero cells.
Results

Parasitology and histology findings
A squash prep of brain tissue from armadillo A yielded six nematode larvae and adults. These worms could easily be differentiated from other nematodes reported to migrate through the brain of mammals (e.g., Baylisascaris spp., Parelaphostrongylus spp.) by their large size and the presence of a metastrongyle bursa on male worms (Fig. 1) . Adult parasites were identified as A. cantonensis based on several morphologic characteristics including size of worms (males were~23 mm and a female was 29 mm long), female with round tails and a vulva just anterior to a non-terminal anus, and males having a gubernaculum (50 mm) and two long (1.2 mm) similar spicules. One immature female nematode was detected in brain tissue of opossum A. In all three cases, moderate to high numbers of eosinophils and lymphocytes and fewer neutrophils and macrophages multifocally expanded the meninges and perivascular regions in the cerebrum (Fig. 2a) . Eosinophils infiltrated into the surrounding neuropil and randomly distributed eosinophilic granulomas and hemorrhages were present throughout the cerebrum (Fig. 2a) . The cross section of one, 100e200 mm diameter nematode larva characterized by a smooth cuticle, coelomyarian musculature, lateral cords, and a distinct pharynx was present in the neuroparenchyma of armadillo A and B (Fig. 2b) . In addition to the inflammation in the brain, armadillo B had multiple eosinophilic granulomas in the submucosal lymphoid tissue of the large intestines. One granuloma contained cross sections of occasionally mineralized or degenerate nematode larvae, but these larvae could not be definitively identified. Armadillo A had eosinophilic granulomas in the adventitia of the pulmonary artery.
Additional tests performed in each case are summarized in Table 1 . Brain tissue from armadillo B was PCR positive for T. gondii (sequence confirmed), but protozoal organisms were not observed in histological sections of brain with routine staining and with immunohistochemical staining for T. gondii-specific antigens. This is considered an incidental finding in this case.
Molecular results
Sequences from the nematodes recovered from the brains of opossum A and armadillo A were identical (704 bp). These two sequences were 99.7% (702/704 base pairs) similar to the sequence recovered from brain tissue of armadillo B. The two Louisiana sequences were most similar to A. cantonensis AP017672 [from Taiwan] and LK950095 [from China] (99.6%, 701/704bp). The armadillo B sequence was most similar to A. cantonensis AP017672 [from Taiwan] and LK950095 [from China] (99.6%, 701/704bp)). The two sequences were submitted to GenBank (accession numbers MF000735 and MF000736).
Discussion
Angiostrongylus cantonensis has become established in the southeastern United States due to suitable climate, availability of intermediate gastropod hosts, and presence of numerous mammalian hosts in which the nematodes can achieve sexual maturity (Kim et al., 2002; York et al., 2015) . The effect that this parasite will have on wildlife populations in the southeastern United States has yet to be determined.
There has been increasing public attention and concern worldwide regarding human and animal angiostrongyliasis due to an increase in reported cases in endemic countries, nonendemic countries, and among international travelers (Slom et al., 2002; Lv et al., 2008) . Angiostrongylus cantonensis has been cited as a "neglected pathogen" due to lack of awareness in the general public and potential underreporting within the medical community (Eamsobhana, 2014) . There is a lack of standardization in diagnosis of angiostrongyliasis and although there are some serological tests available for humans, diagnostic tests for veterinary species are lacking. Early enzyme-linked immunosorbent assays (ELISAs) developed for humans were not highly specific (Wilkins et al., 2013) . Molecular detection holds potential for the future diagnosis of angiostrongyliasis, although this method is not globally available (Wilkins et al., 2013; Qvarnstrom et al., 2016) . Interruption of the life cycle of A. cantonensis is likely the most effective way to reduce the risk of infection to humans, which is mostly attempted by public education programs focused on the dangers of consumption of raw mollusks, implementing proper washing protocols for vegetables, and increasing control of rat populations (Hollyer, 2013) .
Angiostrongylus cantonensis is an important differential diagnosis for neurological disease in free-ranging wildlife species. The rat lungworm has likely been underdiagnosed in neurological wildlife due to the necessity for histopathologic identification of eosinophilic meningoencephalitis and the infrequent use of "squash-preps" to detect nematodes. This method is a convenient and cost-effective tool that can be utilized in suspected cases of nematode migration. Increasing awareness of the parasite among biologists, veterinarians, state wildlife agencies, and pathologists will hopefully lead to more documentation of the parasite.
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